This work analyses the long-term trend of the daily global (GHI) and diffuse (DHI) irradiations received on a horizontal plane for four cities in China: Harbin, Beijing, Wuhan and Guangzhou, located from North to South. Measurements of GHI and DHI between 1990 and 2013 have been retrieved from GEBA and WRDC networks. During this period, the yearly mean of the GHI increases for most of the sites (0.1 to 0.7% per year) except for Harbin for which it decreases (-0.4% per year) while the yearly mean of the DHI increases for all sites (0.2 to 0.9% per year). The effects of the aerosol optical depth at 550 nm and the cloud cover on such changes have been investigated. It has been found that aerosols have a direct impact on GHI in clear-sky conditions, especially for Beijing and Wuhan, and that the correlation is strong between the GHI measurements for all-sky conditions and aerosol optical depth at 550 nm. Expectedly, the correlation is much more significant between the GHI measurements and the cloud cover.
Introduction
China is currently a huge commercial market for the solar industry, from photovoltaics (PV) to solar heating systems. Its vast territory spans from approximately 18° N to 55° N, i.e. mid-and low latitudes with a large potential in solar resource. Air quality in large cities in China is often low; these levels of air pollution must be taken into consideration and the evolution of the daily global irradiation on horizontal surface (GHI) on several decades must be studied in order to gain confidence in economic models of future projects.
This paper presents the analysis of long-term ground-based measurements of GHI for several sites in China and to investigate the causes of the changes with time. 550 , 1240 daily AOD at 550 nm, respectively 1240 nm Subscripts m, respectively y mean 'monthly' and 'yearly'
Nomenclature and variables

AOD
Measurements and stations
China has a vast territory covered by a large number of measuring stations. This study uses measurements that are available through international networks: GEBA and WRDC.
GEBA and WRDC networks
The Global Energy Balance Archive (GEBA) is a database which contains monthly means of surface solar irradiance from 1500 ground-based meteorological stations [1] . Suspicious data are flagged by quality assessment procedures performed prior to their inclusion in the database. By taking into account the number of hours and days in a month, monthly or yearly means of GHI or DHI (diffuse irradiation) can be computed.
Data on GHI during the period 1988-2013 are available from World Radiation Data Centre (WRDC, http://wrdc.mgo.rssi.ru/). WRDC built a database of GHI and DHI by collecting data from national weather services under the World Meteorological Organization (WMO). There are 8 WRDC stations available in China with quality flags. Table 1 depicts the four main sites in China that have been studied in the present study, using a North-to-South sorting. Several terms were considered in the selection process. Firstly, the four sites span from North to South and reflect the main features of the GHI in China. Secondly, a ground-based station is available for each selected location, belonging to both GEBA and WRDC networks, thus allowing the cross-validation of data. Thirdly, data on GHI and DHI are available for the four sites during the period 1990-2013. The four sites are scattered throughout China and are deemed to represent the climate for their specific regions. 
Selection of representative sites
Clearness index
Let note E0 the daily irradiation received on a horizontal plane at the top of atmosphere (TOA). It is directly linked to latitude: the closer to the equator, the greater E0. If G m denotes the monthly mean of the GHI, the monthly clearness index KT m is defined as:
KT gives the percentage of the irradiation which reaches the ground from the top of atmosphere. 
Quality check (QC)
GEBA and WRDC database have their own quality assessment (QA) with flags on the measurements in order to remove suspicious data. An additional quality check (QC) is performed on each data set with the following constraints [3] :
333 Wh m -2 < G < 0.9*E0 D G Table 2 exhibits the results of QC for both monthly data from GEBA and daily data from WRDC for the four sites. GEBA and WRDC have respectively 252 monthly and 8766 daily measurements for GHI or DHI. 0.4% to 6.6% of the monthly data of GEBA are flagged out over QA and up to 0.4% over QC. Among the four sites, Wuhan has the greatest number of flagged values: 6.6% over QA, while there are no flag for Guangzhou over QA and Beijing, Wuhan, and Guangzhou over QC. For WRDC, there are 1.2% to 7.7% of the daily data flagged out for the four sites over QA and 0.5% to 2.0% over QC. Among the four sites, Wuhan has the greatest number of flagged values: 7.7% over QA, while there are 0.5% and 0.6% values flagged for Harbin and Beijing over QA.
The percentage of data filtered by the QC for the four sites is low: 0.1% (GEBA) and 1.0% (WRDC). It is much less than that of the data flagged by the QA: 2.3% (GEBA) and 3.6% (WRDC). This may be explained by the high quality of the QA performed by GEBA and WRDC and by the low constraints in QC. It can be assumed that the data filtered by QA and QC are reliable for the study. McClear has been accurately validated in the BSRN station of Xianghe in China, close to Beijing [4] . It has been observed that McClear is providing accurate estimates of the global and diffuse irradiation for Xianghe. This high accuracy of McClear is also found for other stations all over the world [4] . Therefore, it is assumed that estimates provided by McClear are accurate to other locations in China, and especially to the four selected sites. (Table 3) .
McClear analysis for the four sites
From As introduced previously, estimates of the irradiation at surface under clear-sky conditions partly provide indications on the effect of human activities on the irradiation level. Regarding (G clear ) y , Beijing has the lowest value and Guangzhou the greatest. The high correlation between 550 and KT clear , especially for Beijing and Wuhan, shows the direct link between the aerosols and G clear . However, Guangzhou has a downward trend for ( 550 ) y , whereas it increases in both Beijing and Harbin (most in Beijing). That explains why (G clear ) y declines the most for Beijing. On the short term, (G clear ) y is more likely to continue to decrease less in Wuhan and Guangzhou than those in Harbin and Beijing. Table 4 shows that KT clear and consequently G clear have greater correlations with 550 than with 1240 in the four sites. 550 is also available for the five following species: black carbon (BC), dust (DU), particulate organic matter (POM), sea salt (SS) and sulfate (SU). Black carbon and sulfate show greater correlations with KT clear than others and sea salt has the lowest correlations. From Fig. 2 , it can be seen that high means of ( 550 ) y relate to low means of (KT clear ) y for the four sites. It is expected that a decrease of ( 550 ) y from one year to another should lead to an increase of (KT clear ) y . This is well observed in the four sites for the whole period with a few exceptions: 
Analysis of ( 550 ) y and (KT clear ) y
Measurements (GEBA and WRDC)
Deviation between GEBA and WRDC
For each of the four sites, data of WRDC and GEBA originate from the same ground-based station source and should be similar. 2D histograms with GEBA (x-axis) and WRDC (y-axis) have been drawn in Fig. 3 to verify this similarity. Following the ISO standard [6] , the deviations were computed by subtracting the GEBA measurements from the WRDC ones. Expectedly, most observations lie around the 1:1 line in each graph. Beijing presents the greatest similarity between WRDC and GEBA. Harbin presents the same trend but with some abnormal points. For Wuhan and Guangzhou, values from WRDC are slightly greater than those from GEBA. Table 5 gives a detailed It is concluded that the WRDC data sets exhibit high quality enough so that the data from 2011-2013 can be added to the GEBA data sets in order to extend the analysis period up to 2013. Hence, all data are concatenated when possible, i.e. on a monthly or yearly basis. These consolidated new data sets are called G GR and D GR . Finally, yearly means of daily irradiation over the period 1990-2013 are constructed using these ground measurements, so called (G GR ) y and (D GR ) y . 
GHI and DHI measurements
As shown in Fig. 4, from 1990 to 2013, (G GR ) y decreases slightly in Harbin and increases slightly in Beijing, while Wuhan and Guangzhou showed apparent positive trends with time. Table 6 gives variations of (G GR ) y and (D GR ) y during the period. The mean value of (G GR ) y is the greatest in Beijing (3700 Wh m After comparing Fig. 4 with Fig. 1 , the same evolution from one year to the other between (G GR Table 7 that the correlation between G clear and G WR declines from Harbin to Guangzhou. It is apparent that there is a high agreement between G clear and G WR in Harbin and Beijing. It demonstrates that the cloud cover impacts more GHI in Guangzhou than in the other three sites. The deviation in correlation coefficient for the four sites is related to changes in cloud cover; this point is discussed later. The analysis of (G GR ) y and (D GR ) y shows upward trends from 1990 to 2013 in the four sites, except (G GR ) y in Harbin, as shown in Table 6 . (G GR ) y and (D GR ) y in Wuhan and Guangzhou, located in the South of China, increased much more than in Harbin and Beijing, located in the North of China. Changes of (G GR ) y do not correspond directly to changes in (D GR ) y so that changes in cloud cover can partly explain such changes. 
Comparing (G GR
)
Cloud cover
The cloud cover (also known as cloudiness) is an important factor for the irradiation. Monthly cloud cover (C) information for the four sites has been retrieved on the 2001-2010 period from the monthly data set provided by the Climate Research Unit of the University of East Anglia [6] . Fig. 6 exhibits the variation of (C) y for the four sites from 2001 to 2010. Mean (C) y in Harbin has the lowest value (35.3%) while Guangzhou has the highest (69.3%). Except Harbin, (C) y in other three sites shows slight increases during the period. Least square fitting shows systematic increases for the four sites over the whole period and (C) y in Guangzhou increases most. It can be concluded that cloud cover reduces GHI in the four sites during from 2001 to 2010. An increase of (C) y with a decrease of (G GR ) y is also observed between Fig. 6 and Fig. 4 on the period 2001-2010. Table 8 provides the correlation coefficient between (C) m and (KT GE ) m . Expectedly, it is negative for all sites illustrating the negative effect of the cloud cover on the GHI. Correlation coefficients are much smaller in Harbin (-0.12) and Wuhan (-0.43) than those in Beijing (-0.77) and Guangzhou (-0.82). It illustrates that besides cloud cover, there are still other factors like 550 which impact the irradiation. 
Conclusions
Four main sites in China have been selected for the present study, using a North-to-South sorting: Harbin, Beijing, Wuhan and Guangzhou for which GEBA and WRDC ground-based measurements are available. The longterm evolutions of the GHI and DHI have been analyzed through the processing of ground-based measurements of the irradiation and the cloud cover, along with the estimation of aerosol and clear-sky GHI.
(G clear ) y systematically decreases between 2004-2014 for the four sites. G clear provides some indications on the effect of human activities on the irradiation and G clear in the four sites have high correlations with 550 . Regarding the mean (G clear ) y , Beijing has the lowest value and Guangzhou the highest. In next few years, (G clear ) y is more likely to continue to decrease in Harbin and Beijing while it may decrease less or increase in Wuhan and Guangzhou. There is good correlation between KT clear and 550 , supporting further work on changes in 550 variation to better understand changes in G clear .
One can observe positive trends with time of the measured G GR and D GR for the four sites, except G GR in Harbin. The increase is more significant in Wuhan and Guangzhou than in Harbin and Beijing. Mean (G GR ) y in ascending order for the four sites is Guangzhou, Wuhan, Harbin and Beijing. The order is not the same for G clear and the cloud cover contributes to this discrepancy. In the next few years, G GR will likely increase for the four sites, especially for Wuhan and Guangzhou. Cloud cover has a stronger impact on G GR than 550 .
The deviation between G GR and G clear increases southwards from Harbin, Beijing and Wuhan to Guangzhou. It is mostly due to the cloud cover; the cloud cover must also be considered when G clear is used to evaluate the solar resource in a specific area. The cloud cover increases for the four sites from 2001 to 2010 while the measured GHI shows an opposite trend on the same period.
Except for G GR in Harbin, both G GR and D GR present an positive trend from 1990 to 2013, especially for Wuhan and Guangzhou. This trend is negatively correlated with trends in cloud cover. However, the cloud cover cannot be the unique cause of the changes in solar radiation. Changes in 550 play a role even though its contribution is less important than the cloud cover. [7] have observed that in 27 cities across China GHI and wind speed track similar decadal trends in 1961-2011, suggesting wind speed as a possible regulator of the GHI through interactions with aerosols.
